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m6A mRNA methylation controls autophagy and adipogenesis by targeting Atg5
and Atg7
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ABSTRACT
N6-methyladenosine (m6A), the most abundant internal modification on mRNAs in eukaryotes, play roles
in adipogenesis. However, the underlying mechanism remains largely unclear. Here, we show
that m6A plays a critical role in regulating macroautophagy/autophagy and adipogenesis through
targeting Atg5 and Atg7. Mechanistically, knockdown of FTO, a well-known m6A demethylase, decreased
the expression of ATG5 and ATG7, leading to attenuation of autophagosome formation, thereby
inhibiting autophagy and adipogenesis. We proved that FTO directly targeted Atg5 and Atg7 transcripts
and mediated their expression in an m6A-dependent manner. Further study identified that Atg5 and
Atg7 were the targets of YTHDF2 (YTH N6-methyladenosine RNA binding protein 2). Upon FTO silencing,
Atg5 and Atg7 transcripts with higher m6A levels were captured by YTHDF2, which resulted in mRNA
degradation and reduction of protein expression, thus alleviating autophagy and adipogenesis.
Furthermore, we generated an adipose-selective fto knockout mouse and find that FTO deficiency
decreased white fat mass and impairs ATG5- and ATG7-dependent autophagy in vivo. Together, these
findings unveil the functional importance of the m6A methylation machinery in autophagy and adipo-
genesis regulation, which expands our understanding of such interplay that is essential for development
of therapeutic strategies in the prevention and treatment of obesity.

Abbreviations: 3-MA: 3-methyladenine; ACTB: actin, beta; ATG: autophagy-related; Baf A1: bafilomycin A1;
CEBPA: CCAAT/enhancer binding protein (C/EBP), alpha; CEBPB: CCAAT/enhancer binding protein (C/EBP),
beta; FABP4: fatty acid binding protein 4, adipocyte; FTO: fat mass and obesity associated; HFD: high-fat diet;
LC-MS/MS: liquid chromatography-tandem mass spectrometry; MAP1LC3B/LC3: microtubule-associated
protein 1 light chain 3 beta; m6A: N6-methyladenosine; MEFs: mouse embryo fibroblasts; MeRIP-qPCR:
methylated RNA immunoprecipitation-qPCR; PPARG: peroxisome proliferator activated receptor gamma;
RIP: RNA-immunoprecipitation; SAT: subcutaneous adipose tissue; siRNA: small interfering RNA; SQSTM1/
p62: sequestosome 1; TEM: transmission electron microscopy; ULK1: unc-51 like kinase 1; VAT: visceral
adipose tissue; WAT: white adipose tissue; YTHDF: YTH N6-methyladenosine RNA binding protein
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Introduction

Obesity and the associated cancer burden has been rapidly
prevailed over the past several decades worldwide [1]. In 2016,
almost 40% adults and 18% children (ages 5–19 years) of the
world were obese [2]. In 2015, approximately 4 million deaths
were attributable to obesity [3]. Obesity is defined as abnor-
mal or excessive accumulation of adipose tissue, which is
caused by an increase in adipocyte volume (hypertrophy)
and number (hyperplasia). Therefore, improving our under-
standing of the molecular mechanism of adipogenesis is of
major health and scientific significance.

To date, researchers have suggested that many different
events regulate adipocyte differentiation including extracellular
signals, transcriptional cascade and epigenomic modification [4].

Macroautophagy (hereafter referred to as autophagy) has been
reported to control adipose mass and adipogenesis [5].
Autophagy is a fundamental cellular degradation pathway, which
starts with the formation of double-membrane autophagosomes,
and ultimately fuse with the lysosomal compartments to degrade
cellular organelles and proteins [6,7]. In mice, adipose-specific
deletion ofAtg7 has a unique anti-obesity and insulin sensitization
effect [8]. In addition, a recent study shows that targeted deletion
of Atg5 impairs adipogenesis [9].

Notably, N6-methyladenosine (m6A), the most abundant
modification on mRNAs in eukaryotes, is also reported to
play roles in adipogenesis [10–13]. However, the underlying
mechanism remains largely unclear. m6A is modulated by
methyltransferase complex, demethylases and RNA-binding
proteins [14,15], which influences all fundamental aspects of
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mRNA metabolism, including mRNA stability, translation,
subcellular localization, and alternative splicing [10,16–18].
FTO (fat mass and obesity associated) is the first identified
RNA demethylase that catalyzes m6A demethylation in an
Fe(II)- and α-ketoglutarate-dependent manner [19]. A recent
study reports that FTO upregulates the protein abundance of
autophagy-related protein ULK1 (unc-51 like kinase 1) and
autophagy in an m6A-dependent manner [20]. Intriguingly,
previous work shows that depletion of FTO in mouse
embryonic fibroblasts (MEFs) decreases activation of the
MTORC1 pathway and enhances autophagy [21]. In contrast,
another study reports that ectopic expression of FTO does not
affect starvation-induced autophagy [22]. Overall, the regula-
tory mechanism of m6A on autophagy needs to be further
investigated. Since both of m6A and autophagy play critical
roles in the regulation of adipogenesis, we hypothesize
that m6A mRNA methylation might regulate adipogenesis
via autophagy pathway.

To validate our hypothesis, two ideal cell model, mouse 3T3-
L1 cell line and porcine primary preadipocytes, were used in this
study. 3T3-L1 is a well-established preadipose cell line which has
been the standard model system to identify regulators of adipo-
genesis and fat cell function [23]. Porcine preadipocytes are an
excellent model for studying of adipogenesis because of their
high similarity to human cells [24]. In our study, we demon-
strated that FTO played a critical role in mouse 3T3-L1 and
porcine primary preadipocytes autophagy and adipogenesis
by fine-tuning the expression of ATG5 and ATG7, but not
ULK1, in an m6A-dependent and YTHDF2-mediated manner.
Furthermore, adipose-selective fto knockout reduced white fat
mass and impairs ATG5- and ATG7-dependent autophagy in
mice. Our study revealed that m6A modification plays a cell-
specific role in autophagy regulation and provided a novel
insight that m6A methylation regulates adipogenesis through
modulation of autophagy.

Results

FTO promotes autophagy and further enhances
adipogenesis

To explore the role of FTO in autophagy, we first conducted loss-
of-function studies in 3T3-L1 cells with control or Fto small
interfering RNA (siRNA). Efficient knockdown of FTO in cells
was validated by western blot (Figure 1A). Protein levels of
MAP1LC3B/LC3 (microtubule-associated protein 1 light chain 3
beta, an autophagy marker) and SQSTM1/p62 (a protein specifi-
cally degraded in lysosomes) were measured to determine the
autophagy activation of cells. Silencing of FTO significantly
decreased LC3-II:I ratio and increased SQSTM1 level, compared
to control cells, indicating an absence of steady-state autophago-
some formation (Figure 1A). On the contrary, overexpression of
HA tagged FTO (HA-FTO) dramatically elevated LC3-II:I ratio
and alleviated SQSTM1 expression (Figure 1A), suggesting
a positive correlation between FTO and autophagy. In addition,
immunofluorescence assays showed that a greater amount of LC3
puncta were formed upon HA-FTO overexpression (Figure 1B,
C). We analyzed autophagosome formation during adipogenesis
by transmission electron microscopy (TEM) and found that

silencing of FTO decreased the number of autophagosomes, indi-
cating alleviated activation of autophagy (Figure 1D,E). In con-
trast, overexpression of FTO increased the number of
autophagosomes in cells (Figure 1D,E). To determine whether
autophagy was affected by FTO overexpression, control and FTO-
overexpressing cells were treated with or without alternative
autophagy inhibitors. Indeed, 3-methyladenine (3-MA, a PI3K
and PtdIns3K inhibitor) or bafilomycin A1 (Baf A1, a vacuolar-
type H+-translocating ATPase inhibitor) treatment experiment
further confirmed that FTOpromoted the activation of autophagy
(Figure 1F, G). Consistent with 3T3-L1 cells, knockdown or
forced expression of FTO in porcine primary preadipocytes
attenuates and enhances, respectively, the induction of autophagy
(Figure S1A–E), suggesting a conserved role of FTO among
mouse and porcine preadipocytes. These results demonstrate
that FTO positively modulates autophagy activation in 3T3-L1
and porcine preadipocytes.

To investigate whether FTO affected adipogenesis through
autophagy pathway, control and FTO-overexpressing 3T3-L1
and porcine preadipocytes were treated with or without
autophagy inhibitors during adipogenesis. We observed that
3-MA and Baf A1 treatment could reverse the enhanced
autophagy, adipogenesis and triglyceride accumulation of
FTO-overexpressing cells (Figure 1H–J and S1F–H).
Consistent with the phenotype, the mRNA and protein levels
of adipocyte marker genes, including Pparg (peroxisome pro-
liferator activated receptor gamma), Fabp4 (fatty acid binding
protein 4, adipocyte) and Cebpa (CCAAT/enhancer binding
protein [C/EBP], alpha), were remarkably elevated in FTO-
overexpressing cells, which could be downregulated to normal
level by 3-MA or Baf A1 treatment (Figure 1K, L). Together,
these results reveal that FTO enhances adipocyte differentia-
tion via promoting autophagy.

Knockdown of FTO decreased the expression of ATG5 and
ATG7, but not ULK1

To identify potential target genes of FTO in autophagy, we
first employed qPCR analysis to compare the mRNA expres-
sion of autophagy-related genes following FTO knockdown.
A recent study reports that loss of FTO positively regulates
the expression of ULK1 in 293T cells [20]. Interestingly, our
results showed that the mRNA levels of Atg5 and Atg7 were
significantly attenuated following FTO knockdown, while
Ulk1 was unchanged (Figure 2A). Consistently, knockdown
of FTO markedly downregulated protein levels of ATG5 and
ATG7 (Figure 2B). In contrast, we found that ULK1 and other
autophagy-related proteins, such as ATG12 and ATG16L1,
were not significantly changed (Figure 2B). In porcine pre-
adipocytes, we confirmed that silencing or overexpression of
FTO decreased and increased, respectively, gene and protein
expression of ATG5 and ATG7, but not ULK1 (Figure S2A–
D). Moreover, we examined the expression profile of ATG5
and ATG7 during adipocyte differentiation and found that
both of them were increased in the early stage and then
decreased (Figure 2C), which was similar to the expression
pattern of FTO [13]. These data suggest that Atg5 and Atg7,
rather than Ulk1, could be target genes of FTO in our system.
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To test the effects of ATG5 and ATG7 on autophagy and
adipogenesis, we treated 3T3-L1 preadipocytes with Atg5
and Atg7 siRNA, respectively, and confirmed the knockdown
efficiency using western blot (Figure 2D,E). As expected,
LC3 Ⅱ:Ⅰ radio was decreased upon ATG5 and ATG7 knock-
down. The protein expression of FTO was unchanged
(Figure 2D,E), consistent with the proposed upstream-
downstream relationship between FTO and ATG5 and
ATG7. Furthermore, we found that depletion of FTO,

ATG5 and ATG7, respectively, both significantly inhibited
adipogenesis and triglyceride accumulation compared to
control cells (Figure 2F–H). Consistently, the expression
levels of adipocyte marker genes were downregulated upon
FTO, ATG5 or ATG7 knockdown (Figure 2I,J). These results
demonstrate that ATG5 and ATG7 are functionally impor-
tant for autophagy and adipogenesis of 3T3-L1 preadipo-
cytes. We thus focused on these two FTO potential targets
Atg5 and Atg7 for further studies.

Figure 1. FTO promotes adipogenesis via facilitating autophagy in 3T3-L1 preadipocytes. (A) Western blotting analysis of FTO, LC3 and SQSTM1 in 3T3-L1
preadipocytes with or without FTO knockdown, control or overexpressing FTO. ACTB was used as loading control. (B) Immunofluorescence assays of LC3 and HA
in control and FTO-overexpressing cells. Scale bar: 20 μm. (C) Statistical analysis of the number of LC3 puncta per cell. (D) TEM analysis of autophagosomes in control,
Fto-depleted or FTO-overexpressing cells. Arrows indicate autophagosomes. Scale bar: 0.5 μm. (E) Quantification of autophagosomes in cells. (F) Western blotting
analysis of LC3 in control and FTO-overexpressing cells treated with or without 10 mM 3-MA for 4 h. (G) Western blotting analysis of LC3 in control and FTO-
overexpressing cells treated with or without 10 nM Baf A1 for 4 h. (H) Oil Red O staining of control and FTO-overexpressing cells induced to differentiate in the
presence or absence of 5 mM 3-MA or 4 nM Baf A1 for 8 d. Scale bar: 100 μm. (I) Relative lipid accumulation was quantified with a microplate spectrophotometer at
500 nm. (J) Relative triglyceride accumulation was measured using a triglyceride assay kit. (K) Real-time quantitative PCR (qPCR) analysis of Pparg, Fabp4 and Cebpa
expression in control and FTO-overexpressing cells induced to differentiate in the presence or absence of 5 mM 3-MA or 4 nM Baf A1 for 8 d. Actb was used as an
internal control. (L) Western blotting analysis of PPARG, FABP4 and CEBPA expression in control and FTO-overexpressing cells induced to differentiate in the presence
or absence of 5 mM 3-MA or 4 nM Baf A1 for 8 d. The data were presented as the mean ± SD of triplicate tests. ***P < 0.001 compared to control group.
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FTO affects autophagy and adipogenesis through
targeting ATG5 and ATG7

To confirm whether FTO influenced autophagy and adipo-
genesis by affecting the expression of ATG5 and ATG7, we
first validated that overexpression of FTO substantially
increased the mRNA levels of Atg5 and Atg7 (Figure 3A).
Next, we performed rescue experiment and observed that
silencing of ATG5 could reverse the upregulated LC3-II:I
ratio in FTO-overexpressing 3T3-L1 cells (Figure 3B).
Similar to ATG5, loss of ATG7 also recovered the augmented

LC3-II:I ratio (Figure 3C), suggesting that FTO affects autop-
hagy through regulating ATG5 and ATG7 expression.

Previous works have reported that knockdown of ATG5
and ATG7 in preadipocytes inhibits autophagy and decreases
the level of CEBPB (CCAAT/enhancer binding protein [C/
EBP], beta) [5] and impairs initiation of the adipogenic-
differentiation program by inhibiting the expression of
PPARG and CEBPA [25,26]. This raises the possibility that
FTO regulates adipogenesis via Atg5 and Atg7-Cebpb signal-
ing. As expected, we found that forced expression of FTO

Figure 2. Loss of FTO attenuates the expression of ATG5 and ATG7, rather than ULK1. (A) qPCR analysis of expression levels of ATG (autophagy-related) proteins in
control and FTO knockdown cells. Actb was used as an internal control. (B) Western blotting analysis of FTO, ATG5, ATG7, ULK1, ATG12 and ATG16L1 in control and
FTO knockdown cells. ACTB was used as a loading control. (C) Western blotting analysis of ATG5 and ATG7 expression profiles during adipogenesis. (D) Western
blotting analysis of ATG5, FTO and LC3 in control and ATG5 knockdown cells. (E) Western blotting analysis of ATG7, FTO and LC3 in control and ATG7 knockdown
cells. (F) Oil Red O staining of control, FTO-depleted, ATG5-depleted and ATG7-depleted cells on day 6 of differentiation. Scale bar: 100 μm. (G) Relative lipid
accumulation was quantified with a microplate spectrophotometer at 500 nm. (H) Relative triglyceride accumulation was measured using a triglyceride assay kit. (I)
qPCR analysis of Pparg, Fabp4 and Cebpa expression in control, FTO-depleted, ATG5-depleted and ATG7-depleted cells on day 6 of differentiation. Actb was used as
an internal control. (J) Western blotting analysis of PPARG, FABP4 and CEBPA expression in control, FTO-depleted, ATG5-depleted and ATG7-depleted cells on day 6
of differentiation. The data were presented as the mean ± SD of triplicate tests. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control group.
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promoted CEBPB protein levels, whereas depletion of ATG5
and ATG7 reversed the expression of CEBPB (Figure 3D). In
addition, knockdown of ATG5 and ATG7 restored adipogen-
esis and triglyceride accumulation of 3T3-L1 cells promoted
by FTO overexpression (Figure 3E–G). Consistently, the
enhanced mRNA and protein levels of Pparg, Fabp4 and
Cebpa in FTO-overexpressing cells were also reversed
(Figure 3H, I). Collectively, FTO promotes adipogenesis
through mediating Atg5 and Atg7-Cebpb signaling axis.

FTO regulates ATG5 and ATG7 expression in an
m6A-dependent manner

To further elucidate the underlyingmolecular mechanism of FTO
in autophagy regulation,we constructedwild-type (FTO-WT) and
catalyticmutant FTOR96Q (FTO-MUT)plasmid [27], to determine
whether the demethylase activity of FTO was required.
The impact of ectopic expression of FTO-WT or FTO-MUT
on cellular m6A level was confirmed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) (Figure 4A). Ectopically
expressed FTO-WT, but not FTO-MUT nor an empty vector,
significantly increased the LC3-II:I radio in 3T3-L1 and porcine

adipocytes (Figureurse 4B and S3A), implying that FTO modu-
lated autophagy in a demethylase activity-dependent manner. In
consistent, cells expressing FTO-WT, rather than FTO-MUT,
showed significantly augmented LC3 puncta in immunofluores-
cence assays (Figure 4C, 4D, Fig. S3B and S3C). Moreover, com-
pared with FTO-MUT or the empty vector, ectopic expression of
FTO-WT elevated the number of autophagosomes (Figure 4E,F,
S3D and S3E). These results demonstrate that the demethylation
activity of FTO is required for autophagy in preadipocytes.

Next, we investigated whether FTO influenced the expression
ofATG5 andATG7 throughRNAdemethylation.Comparedwith
FTO-MUT or the empty vector, ectopically expressed FTO-WT
increased the protein andmRNA levels of ATG5 andATG7, while
the protein abundance ofULK1was unchanged (Figure 4G,H and
Figure S3F). According to the published m6A-seq data of 3T3-L1
[10], m6A modifications were found at 3ʹ UTR of Atg5 and Atg7
(Figure 4I). We found that knockdown of FTO increased
global m6A level of 3T3-L1 and porcine preadipocytes by LC-MS
/MS (Figure 4J and Figure S3G). Furthermore, the gene-specific
methylated RNA immunoprecipitation-qPCR (MeRIP-qPCR)
assays demonstrated that FTO knockdown significantly increased
the m6A levels on mRNA transcripts of Atg5 and Atg7, but not

Figure 3. FTO regulates autophagy and adipogenesis through targeting Atg5 and Atg7. (A) qPCR analysis of Atg5 and Atg7 expression in control and FTO-
overexpressing cells. Actb was used as an internal control. (B) Western blotting analysis of FTO, ATG5 and LC3 in control and FTO-overexpressing cells transfected
with or without Atg5 siRNA. ACTB was used as a loading control. (C) Western blotting analysis of FTO, ATG7 and LC3 in control and FTO-overexpressing cells
transfected with or without Atg7 siRNA. (D) Western blotting analysis of ATG5, ATG7 and CEBPB in control and FTO-overexpressing cells transfected with or without
Atg5 and Atg7 siRNA. (E) Oil Red O staining of control and FTO-overexpressing cells transfected with or without Atg5 and Atg7 siRNA on day 6 of differentiation. Scale
bar: 100 μm. (F) Relative lipid accumulation was quantified with a microplate spectrophotometer at 500 nm. (G) Relative triglyceride accumulation was measured
using a triglyceride assay kit. (H) qPCR analysis of Pparg, Fabp4 and Cebpa expression in control and FTO-overexpressing cells transfected with or without Atg5 and
Atg7 siRNA on day 6 of differentiation. (I) Western blotting analysis of PPARG, FABP4 and CEBPA expression in control and FTO-overexpressing cells transfected with
or without Atg5 and Atg7 siRNA on day 6 of differentiation. The data were presented as the mean ± SD of triplicate tests. ***P < 0.001 compared to control group.
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Ulk1 (Figures 4K and S3H). We performed RNA immunopreci-
pitation followed by qPCR (RIP-qPCR)with gene-specific primers
and observed thatAtg5 andAtg7 interactionwithHA-tagged FTO
in 3T3-L1 and FLAG-tagged FTO in porcine preadipocytes,
respectively, suggesting that Atg5 and Atg7 were direct target of
FTO (Figures 4L and S3I). More importantly, to assess

whether m6A modifications on target mRNAs were necessary for
FTO-mediated gene regulation, we performed dual-luciferase
reporter andmutagenesis assays in 3T3-L1 cells. Forced expression
of FTO-WT, but not FTO-MUT, substantially promoted lucifer-
ase activity of individual reporter constructs containing wild-type
3ʹUTR fragments of Atg5 and Atg7, relative to the control (Figure

Figure 4. FTO regulates the expression of ATG5 and ATG7 in an m6A-dependent manner. (A) LC-MS/MS quantification of the m6A/A in mRNA of control, wild-type
(WT)- and mutant (MUT)-FTO overexpressing cells. (B) Western blotting analysis of FTO and LC3 in control, WT- and MUT-FTO overexpressing cells. ACTB was used as
a loading control. (C) Immunofluorescence assays of LC3 and HA in control, WT- and MUT-FTO overexpressing cells. Scale bar: 20 μm. (D) Statistical analysis of the
number of LC3 puncta per cell. (E) TEM analysis of autophagosomes in control, WT- and MUT-FTO overexpressing cells. Arrows indicate autophagosomes. Scale bar:
0.5 μm. (F) Quantification of autophagosomes in cells. (G) Western blotting analysis of ATG5, ATG7 and ULK1 in control, WT- and MUT-FTO overexpressing cells. (H)
qPCR analysis of Atg5 and Atg7 expression in control, WT- and MUT-FTO overexpressing cells. Actb was used as an internal control. (I) Integrative genomics viewer
(IGV) plots of m6A peaks at Atg5 and Atg7 mRNAs. The y-axis shows sequence read number, blue boxes represent exons, and blue lines represent introns. (J) LC-MS
/MS quantification of the m6A/A in mRNA of control and Fto-depleted cells. (K) Methylated RNA immunoprecipitation (MeRIP)-qPCR analysis of m6A levels of Atg5,
Atg7 and Ulk1 mRNA in control and Fto-depleted cells. (L) RNA immunoprecipitation-qPCR (RIP-qPCR) analysis of the interaction of Atg5 and Atg7 with HA in cells
overexpressing HA-tagged FTO. Enrichment of Atg5 and Atg7 with HA was measured by qPCR and normalized to input. (M) Left panel: Schematic diagram of dual-
luciferase reporter constructs. Right panel: Relative luciferase activity of WT or MUT (A-to-T mutation) Atg5-3ʹUTR (or Atg7-3ʹUTR) luciferase reporter in control, WT-
and MUT-FTO overexpressing cells. Firefly luciferase activity was measured and normalized to Renilla luciferase activity. (N) Oil Red O staining of control, WT- and
MUT-FTO overexpressing cells on day 8 of differentiation. Scale bar: 100 μm. (O) Relative lipid accumulation was quantified with a microplate spectrophotometer at
500 nm. (P) Relative triglyceride accumulation was measured using a triglyceride assay kit. The data were presented as the mean ± SD of triplicate tests. **P < 0.01,
***P < 0.001 compared to control group.
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4M). This increase was abrogated when the m6A sites were
mutated (A was replaced with T) (Figure 4M), demonstrating
that FTO regulates the expression of ATG5 and ATG7
through m6A-dependent mechanism. Additionally, Oil red
O staining analysis showed that FTO-WT, but not FTO-MUT,
promoted adipocyte differentiation and triglyceride accumulation
(Figures 4N–P and S3J–L), validating that the demethylation
activity of FTO was required for adipogenesis. Taken together,
these results illustrate that FTO targets Atg5 and Atg7 transcripts
and mediates their expression in an m6A-dependent manner, and
further regulates autophagy and adipogenesis.

YTHDF2 mediates mrna stability and expression of ATG5
and ATG7, but not ULK1, through m6A-dependent
mechanism

It has been shown that m6A methylation on mRNAs influ-
ences mRNA stability and translation [16,17,28,29], which is
mediated by specific m6A binding proteins. YTHDF2 (YTH

N6-methyladenosine RNA binding protein 2) is reported to
selectively recognize and destabilize m6A-modified mRNA
[16], while YTHDF1 promotes translation of targeted
mRNA [17]. To further explain the negative correlation
between m6A methylation and protein abundance of FTO-
targeted genes, we first investigated whether the expression of
ATG5 and ATG7 were affected by YTHDF2 or YTHDF1.
Compared with control cells, overexpression of YTHDF2
markedly decreased ATG5 and ATG7 protein levels, whereas
no significant change was observed for ULK1 and ATG12
(Figures 5A and S4A). In contrast, forced expression of
YTHDF1 didn’t affect ATG5 and ATG7 expression (Figures
5B and S4A), implying that ATG5 and ATG7 are targets of
YTHDF2. Indeed, using RIP-qPCR assay, we further con-
firmed that both Atg5 and Atg7 interact with FLAG-tagged
YTHDF2 in 3T3-L1 and porcine preadipocytes (Figures 5C
and S4B).

Next, we tested whether the m6A modifications on Atg5
and Atg7 mRNAs were essential for YTHDF2-mediated gene

Figure 5. FTO modulates ATG5 and ATG7 expression levels by YTHDF2-mediated mRNA decay. (A) Western blotting analysis of YTHDF2, ATG5, ATG7, ULK1 and
ATG12 in control and YTHDF2-overexpressed cells. ACTB was used as a loading control. (B) Western blotting analysis of YTHDF1, ATG5 and ATG7 in control and
YTHDF1-overexpressed cells. (C) RIP-qPCR analysis of the interaction of Atg5 and Atg7 with FLAG in cells overexpressing FLAG-YTHDF2. Enrichment of Atg5 and Atg7
with FLAG was measured by qPCR and normalized to input. (D) Relative luciferase activity of WT or MUT Atg5-3ʹUTR (or Atg7-3ʹUTR) luciferase reporter in cells
transfected with control or YTHDF2 plasmid. Firefly luciferase activity was measured and normalized to Renilla luciferase activity. (E) qPCR analysis of Ythdf2, Atg5,
Atg7 and Ulk1 in control and FTO knockdown cells. Actb was used as internal control. (F) Lifetime of Atg5 and Atg7 mRNA in control, FTO knockdown or YTHDF2
knockdown cells. Relative mRNA levels were quantified by qPCR. (G) Western blotting analysis of YTHDF2, ATG5, ATG7 and LC3 in control and FTO-overexpressing
cells transfected with or without YTHDF2 plasmid. (H) Oil Red O staining of control and FTO-overexpressing cells transfected with or without YTHDF2 plasmid on day
8 of differentiation. Scale bar: 100 μm. (I) Relative lipid accumulation was quantified with a microplate spectrophotometer at 500 nm. (J) Relative triglyceride
accumulation was measured using a triglyceride assay kit. The data were presented as the mean ± SD of triplicate tests. *P < 0.05, **P < 0.01, ***P < 0.001 compared
to control group. ###P < 0.001 compared to OE-FTO group.
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regulation. As expected, dual-luciferase assays revealed that
ectopic YTHDF2 significantly downregulated luciferase activ-
ity in reporters carrying wild-type Atg5 and Atg7 fragment
(Figure 5D). Such a decrease was completely abolished by
mutations in the m6A consensuses sites (Figure 5D), suggest-
ing an m6A-dependent regulation. To investigate whether
YTHDF2 controlled the expression of Atg5 and Atg7 through
mediating mRNA decay, we conducted loss-of-function stu-
dies in 3T3-L1 cells. Compared with control cells, knockdown
of YTHDF2 elevated the mRNA levels of Atg5 and Atg7, but
not Ulk1 (Figure 5E). Indeed, mRNA stability analysis showed
that loss of YTHDF2 prolonged the half-life of Atg5 and Atg7
mRNA transcripts (Figure 5F). Consistently, overexpression
of YTHDF2 decreased mRNA levels and mRNA stability of
ATG5 and ATG7 in porcine preadipocytes (Figure S4C and
D), suggesting that YTHDF2 regulates ATG5 and ATG7
expression via modulating their mRNA stability.

In addition, the increased protein levels of ATG5 and
ATG7 in FTO-overexpressing 3T3-L1 could be partially
reversed by forced expression of YTHDF2 (Figure 5G).
YTHDF2 overexpression also partially reversed the increased
LC3-II:I ratio in FTO-overexpressing cells. Furthermore, ecto-
pically expressed YTHDF2 could reverse the facilitated adipo-
genesis and triglyceride accumulation caused by FTO
overexpression (Figure 5H-J). These data together indicate
that FTO regulates ATG5 and ATG7 expression in
an m6A-dependent and YTHDF2-mediated manner.

Adipose-selective deletion of FTO reduces white fat mass
and inhibits ATG5 and ATG7-dependent autophagy in
mice

To study the in vivo role of FTO in adipose tissue, we generated
an adipose-selective fto knockout mouse (fto-AKO) model by
crossing Ftoflox/flox mice with the Fabp4 (fatty acid binding
protein 4)-Cre mice, in which Cre expression is under the con-
trol of an adipose tissue-selective Fabp4 promoter (Figure S5A).
As expected, FTO expression was efficiently deleted in white
adipose tissue (WAT) from fto-AKO mice (Figure 6A), but not
other tissues including muscle, liver, brain, macrophages or
vascular endothelial cells (Figure S5B). Compared to littermate
control (Ftoflox/flox) mice, fto-AKO mice were protected against
chow diet or high-fat diet (HFD)-induced body weight gain
(Figure S5C and Figure 6B), whereas the food intake did not
differ significantly between the two groups (Figure S5D and
Figure 6C). Compared to the control mice, fto-AKO mice
appeared substantially thinner on both chow diet and HFD
(Figure S5E and Figure 6D), largely due to the striking reduction
of fat mass. Indeed, the mass of inguinal fat (subcutaneous
adipose tissue, SAT) and gonadal fat pads (visceral adipose
tissue, VAT) from fto-AKO mice were significantly less than
the mass of those in control littermates, respectively (Figures 6E,
F, S5F and S5G). Hematoxylin and eosin staining of SAT and
VAT showed that adipocytes of control mice on HFD exhibited
a typical structure in which almost the whole cell was occupied
by one large lipid droplet (Figure 6G and H). In contrast, FTO
deficiency led to multilocular (containing multiple lipid dro-
plets) and smaller adipocytes (Figure 6G and H). Furthermore,
blood glucose levels and serum triglyceride levels in fto-AKO

mice fed HFD were significantly lower in comparison with
control mice (Figure 6I and J). These results reveal that adipose-
selective deletion of Fto in mice could have a profound impact
on adipose tissue development, glucose and lipid metabolism.

To investigated whether FTO influenced autophagy in vivo,
we first detected the LC3-II:I radio and SQSTM1 expression
levels in WAT from control and fto-AKO mice. Intriguingly,
adipose-selective deletion of Fto markedly attenuated LC3-II:I
ratio and elevated SQSTM1 protein abundance (Figures 6K
and S5H), suggesting the inhibited autophagy in WAT.
Consistent with in vitro study, FTO deficiency alleviated pro-
tein and gene expression of ATG5 and ATG7 (Figures 6K and
L, Figure S5H and 5I). Moreover, the mRNA level of Cebpb in
WAT from fto-AKO mice was also downregulated (Figure
6L), implying that fto knockout could impair adipose tissue
development via inhibiting ATG5 and ATG7-CEBPB signal-
ing as shown in cell study. Taken together, these results
suggest that adipocyte-selective fto knockout could decrease
WAT mass and impair ATG5- and ATG7-dependent autop-
hagy in mice.

Discussion

Several studies have investigated the relationship between FTO
and autophagy. Whether and how FTO influences autophagy,
however, remains controversial. FTO has been proposed as an
amino acid sensor which can enhance MTORC1 activity [30].
Previous work has found that loss of FTO inhibits MTORC1
signaling and then activates autophagy in MEFs [21].
Subsequently, a study demonstrates that ectopic expression of
FTO does not affect starvation-induced autophagy in U2OS cells
[22]. In contrast, we found that forced expression or knockdown
of FTO augments and attenuates, respectively, the activation of
autophagy in 3T3-L1 and porcine primary preadipocytes.
Consistent with our finding, a recent study shows that meclofe-
namic acid (MA2), a highly selective inhibitor of FTO, inhibits
cisplatin-induced activation of excessive autophagy in the HEI-
OC1 cell line [31]. Since autophagy plays diverse roles in various
tissues or cells, the differences in FTO-mediated autophagy
could potentially be explained by distinct type or status of cells
used in these studies.

Autophagy has been known to regulate adipose mass and
adipogenesis [5]. Previous study of 3T3-L1 cells reports
a negative correlation between autophagy and adipogenesis.
They find that treatment with the MTOR inhibitor rapamycin
blocks adipogenic differentiation [32]. Recent study shows that
FTO positively regulates the proliferation and differentiation of
3T3-L1 cells via enhancing PI3K-AKT signaling (negatively reg-
ulates autophagy), mitochondrial membrane potential and ATP
generation [33], indicating that FTOmight inhibit autophagy and
promote mitochondrial uncoupling during adipogenesis.
However, we showed that FTO promoted autophagy and facili-
tated adipogenesis through mediating CEBPB expression.
Adipocyte-selective fto knockout inhibited ATG5 and ATG7-
dependent autophagy and Cebpb expression in mice. FTO-
dependent regulation of ATG5 and ATG7-CEBPB signaling
could be an endogenousmechanism thatmodulates adipose tissue
expansion. Consistent with our results, without autophagic func-
tion, white adipocyte differentiation is blocked in vitro and WAT
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mass is markedly decreased in vivo [5]. Moreover, previous study
shows that adipocyte-specific knockout of the MTOR component
RPTOR/raptor in mice display smaller adipose tissue and
increased metabolic activity compared to control littermates [34],
which is similar to the phenotype in adipocyte-specific atg5 and

atg7 knockout mice [5,8,9]. Therefore, the anti-adipogenic effects
of blockingMTOR in adipocytes could possibly result from one of
the many MTOR-dependent pathways other than autophagy.

We knocked out Fto selectively in adipocytes using Fto
conditional knockout and Fabp4-Cre mice. Since Fabp4 is

Figure 6. Adipose-specific fto knockout mice exhibit deceased fat mass and inactivated ATG5 and ATG7-dependent autophagy during high-fat diet feeding. (A)
Western blotting analysis of FTO in white adipose tissue (WAT) from control (Ftoflox/flox) and adipose-specific fto knockout (Fabp4-Cre Ftoflox/flox, fto-AKO) mice. ACTB
was used as a loading control. (B) Body weights of control (female, n = 10) and fto-AKO (female, n = 8) mice on high-fat diet (HFD). (C) Food intake of control and fto-
AKO mice during HFD feeding. (D) Representative pictures of control and fto-AKO mice. (E) Representative pictures of subcutaneous adipose tissue (SAT) and visceral
adipose tissue (VAT) from control and fto-AKO mice. (F) Weights of SAT and VAT from control and fto-AKO mice. (G) Representative hematoxylin and eosin–stained
sections of SAT and VAT isolated from control and fto-AKO mice. Scale bars: 100 μm. (H) Adipocyte area size quantification for SAT and VAT isolated from control and
fto-AKO mice. (I) Blood glucose levels of control and fto-AKO mice. (J) Serum triglyceride levels of control and fto-AKO mice. (K) Western blotting analysis of LC3,
SQSTM1, ATG5 and ATG7 in WAT isolated from control and fto-AKO mice. (L) qPCR analysis of Atg5, Atg7 and Cebpb in WAT isolated from control and fto-AKO mice.
Actb was used as an internal control. The data were presented as the mean ± SD of triplicate tests. **P < 0.01, ***P < 0.001 compared to control group.
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also reported to be expressed in macrophages and vascular
endothelial cells, we determined whether Fabp4 Cre-mediated
deletion of Fto could be detected in these cell types. There was
no decrease in FTO expression in macrophages or vascular
endothelial cells from the fto-AKO mice (Figure S5B), con-
sistent with published studies using Fabp4-Cre mice [35–39].
Compared with control mice, fto-AKO mice showed attenu-
ated HFD-induced weight gain and fat accumulation, while
the morphology and mass of muscle, liver, heart and other
tissues showed no significant difference. Therefore, the weight
loss of could be largely due to the striking reduction of fat
mass. It is well documented that severe fat loss can lead to
lipodystrophy with INS (insulin) resistance [37]. However, the
fat mass of HFD-fed fto-AKO mice was still higher than that
of chow diet-fed control mice at the same age (data not
shown). Also, the leaner fto-AKO mice fed with HFD exhib-
ited decreased blood glucose levels and serum triglyceride
levels compared with control mice, while the food intake
showed no significant difference between two groups. All
these data indicated that the decrease of the fat mass in fto-
AKO mice didn’t cause lipodystrophy. Previous studies
reports that FTO could play a role in regulation of energy
metabolism [40–42]. FTO deficiency induces UCP1 expres-
sion and browning of WAT in mice under normal and obe-
sogenic conditions, enhanced mitochondrial uncoupling and
energy expenditure in adipocyte [43,44]. Thus, the lower
levels of blood glucose and serum triglyceride in fto-AKO
mice could partially be due to the enhanced energy expendi-
ture in WAT, which needs further investigation.

In this study, we identified ATG5 and ATG7 as key regulators
in FTO-dependent autophagy in 3T3-L1 and porcine preadipo-
cytes. ATG7 facilitates the covalent attachment of the protein
ATG12 to ATG5 through a ubiquitin-like conjugation system.
The ATG12–ATG5 then forms a homo-oligomeric complex
with ATG16L [45], which is required for elongation of the phago-
phore during the formation of autophagosome [46]. Our results
suggested that loss of FTO inhibited covalent attachment of
ATG12–ATG5, further impaired ternary complex formation and
autophagy activation. In addition, themRNA levels ofAtg3, Atg10,
and Atg14 were increased upon FTO knockdown. We found that
FTO influenced autophagy and ATG5 and ATG7 expression
inm6A-dependentmanner.However, knockdownof FTO in 3T3-
L1 didn’t increase m6A levels of Atg3 and Atg14 mRNAs [10],
whileAtg10mRNA didn’t have m6Amodification, indicating that
theywere not direct targets of FTO.Thus, the increased expression
of Atg3, Atg10, and Atg14 could not be directly mediated by FTO,
which needs to be further investigated. Recently, one study reports
that FTO specifically upregulates the ULK1 protein abundance
via m6A-demethylation and promotes the initiation of autophagy
in 293T cells [20]. But in contrast, we found that FTO deficiency
did not influence the expression levels of Ulk1 in preadipocytes
or WAT. Moreover, the protein abundance of ULK1 was
unchanged following ectopic expression of FTO-WT or FTO-
MUT. Furthermore, using MeRIP-qPCR analysis, we found
that depletion of FTO did not affect m6A levels of Ulk1 mRNA,
suggesting thatUlk1 was not a target of FTO in this system. Thus,
the discrepancy could potentially be explained by the cell-specific
role ofm6Amethylation in autophagy.m6Amethylome analysis of
different cell types with FTO inactivation may shed light on these

differences in the future. For the first time, our work reveals the
network that FTO promotes adipogenesis through activating
autophagy, which could be highly conserved across species.

It has been shown that m6A-marked mRNA transcripts tend
to be less stable, largely due to the YTHDF2-mediated mRNA
decay [16]. The negative correlation between m6A methylation
and protein expression of ATG5 and ATG7 indicates that
YTHDF2 may play a role in regulating ATG5 and ATG7. In
our study, forced expression of YTHDF2, rather than YTHDF1,
decreased the expression of ATG5 and ATG7, suggesting that
Atg5 and Atg7 were target genes of YTHDF2, but not YTHDF1.
Using YTHDF2-RIP-qPCR analysis, we confirmed that both
Atg5 and Atg7 interact with YTHDF2. Indeed, we further vali-
dated that YTHDF2 decreased protein expression of ATG5 and
ATG7 by shortening the lifespan of their m6A-modified
mRNAs, which was consistent with published data [16]. The
recent study showed that YTHDF2 controlled mRNA stability of
ULK1 in an m6A-dependent way. In contrast, we found that
ectopically expression of YTHDF2 did not affectUlk1 expression
at the RNA and protein level. This could be explained by
that ULK1 is not a specific target of YTHDF2 in 3T3-L1
and porcine preadipocytes. Thus, our work demonstrates
that m6A modification and YTHDF2 play cell type-specific
roles in autophagy and gene expression.

In summary, we show that FTO plays a conserved
and fundamental role in promoting autophagy and adipo-
genesis in m6A-YTHDF2 dependent mechanism (Figure 7).
Our study highlights the functional importance of
the m6A methylation machinery in autophagy. These find-
ings provide insights into the underlying molecular mechan-
isms of FTO and m6A modification in regulating autophagy
and adipogenesis, and development of therapeutic strategies
in the prevention and treatment of obesity.

Materials and methods

Cell culture and adipocyte differentiatio

The 3T3-L1 preadipocytes used in this study were purchased
from Zenbio Inc. (Zenbio, SP-L1-F). The pig primary preadipo-
cytes were isolated from cervical subcutaneous adipose tissue
of 5-d-old Duroc-Landrace-Yorkshire piglets under sterile con-
ditions [47]. Cells were cultured in high-glucose Dulbecco’s
Modified EagleMedium (DMEM;Gibco, 11,995,065) containing
10% fetal bovine serum (Gibco, 10,091,148) and 1% penicillin-
streptomycin. After 2 d post-confluence of cells, adipocyte
differentiation was induced by adipogenic differentiation med-
ium containing 0.5 mM IBMX (Sigma-Aldrich, I7018), 1 µM
dexamethasone (Sigma-Aldrich, D1756) and 1 µg/mL INS/insu-
lin (Sigma-Aldrich, I0516) and the time was recorded as day 0 of
differentiation. After 2 d (or on day 2 of differentiation), medium
was replaced with a maintenance medium (DMEM containing
10% fetal bovine serum and 1 µg/mL INS). Fresh maintenance
medium was replaced every 2 d thereafter. Generally,
2 d adipogenic-induced cells were washed twice with phosphate-
buffered saline (PBS; Sigma-Aldrich, P4417) and used for autop-
hagy-related measurements. All cells were maintained at 37°C in
a humidified 5% CO2 incubator. Cells were tested negative for
mycoplasma contamination before use.
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Cell transfection, plasmids and RNA knockdown

The siRNA and plasmid transfections were performed using
Lipofectamine RNAiMAX (Invitrogen, 13,778,150) and
Lipofectamine 2000 (Invitrogen, 11,668,019), respectively,
according to the manufacturers’ instructions.

The HA-tagged wild type FTO-CDS expression plasmid was
generated by cloning the full-length ORF of mouse Fto gene
(NM_011936.2) into a pPB expression vector (Addgene, 48,753).
The mutant FTO R96Q-CDS was amplified by PCR and cloned
into pPB vector. The Flag-tagged wild type FTO-CDS expression
plasmid was generated by cloning the full-length ORF of porcine
FTO gene (NM_001112692.1) into a pcDNA3.1 vector
(Invitrogen, V79020). The mutant FTOR96Q -CDS was amplified
by PCR and cloned into pcDNA3.1 vector. The FLAG-tagged
mouse and porcine YTHDF2 expression plasmids were cloned
into a pPB vector, respectively. Themouse and porcine YTHDF1
were also cloned into a pPB vector, respectively.

The sequence for negative control siRNA is as follows (5ʹ to 3ʹ):
5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ. Mouse Fto siRNA #1
and #2 were ordered from Qiagen as custom synthesis which
targets 5ʹ-TTAAGGTCCACTTCATCATCGCAGG-3ʹ and 5ʹ-
GCAGCUGAAAUACCCUAAATT-3ʹ, respectively. Mouse
Ythdf2 siRNA was ordered from Qiagen: 5ʹ-AAGGACGTT
CCCAATAGCCAA-3ʹ. Mouse Atg5 siRNA was ordered from
Genepharma: 5ʹ-GCUUCGAGAUGUGUGGUUUTT-3ʹ. Mouse
Atg7 siRNA was ordered from Genepharma: 5ʹ-GCUAG

AGACGUGACACAUATT −3ʹ. Porcine Fto siRNA were ordered
from Ribobio (Fto siRNA #1 with the target sequence 5ʹ-
CAAGGAGACTGCTACTTTA-3ʹ; Fto siRNA #2 with the target
sequence 5ʹ-AGAGGAAAGCGAGGATGAT-3ʹ).

Animals

Fto conditional knockoutmice with two loxP sites flanking exon 3
were generated as described previously [48]. Ftoflox/flox mice and
Fabp4-Cre transgenic mice (obtained from The Jackson
Laboratory, 005069) were crossed to produce the adipose-
selective fto knockout mice. The genotypes of the mice were
determined and deletion of Fto in adipose tissue were confirmed
with PCR andwestern blotting.Mice weremaintained at 22 ± 2 °C
with a humidity of 35 ± 5% under a 12 h light and 12 h dark cycle,
with free access to water and food. For the HFD experiment,
female control (Ftoflox/flox) and adipose-selective fto knockout
(Fabp4-Cre Ftoflox/flox, fto-AKO) mice were fed with high-fat diet
(60% fat in calories; Research Diets, D12492) for the desired
periods of time, and food intake and body weight were measured
every week after weaning (at 3 weeks of age). After the mice were
sacrificed, their tissues were collected, weighed and immediately
snap-frozen in liquid nitrogen. All animal experiments were
approved by the Committee on Animal Care and Use and
Committee on the Ethics of Animal Experiments of Zhejiang
University (Hangzhou, China).

Figure 7. Working model of the mechanism of FTO regulates autophagy and adipogenesis in an m6A-dependent manner. In this model, FTO demethylases
the m6A modification of Atg5 and Atg7 mRNAs, which in turn prevents YTHDF2-mediated mRNA decay, thereby increasing their mRNA stability and protein
expression, leading to promoting autophagy and adipogenesis. Loss of FTO increases the m6A levels of Atg5 and Atg7 mRNAs, which are specifically recognized and
destabilized by YTHDF2, resulting in the decreased protein expression, thereby inhibiting autophagy and adipogenesis.
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Histology and blood biochemical analysis

Inguinal and gonadal WAT, representing subcutaneous adipose
tissue (SAT) and visceral adipose tissue (VAT) respectively,
from control and Fto-AKO mice were collected and fixed in
4% paraformaldehyde for hematoxylin and eosin staining. The
sections were observed under light microscopy. Blood glucose
levels were measured using an ACCU-CHEK Aviva kit (Roche).
Serum triglyceride levels were determined using a triglyceride
assay kit (Applygen Technologies Inc, E1003).

Western blot analysis

Cells (washed twice with PBS) and tissues were lysed on ice in
RIPA buffer (Beyotime Biotechnology, P0013B) with protease
and phosphatase inhibitor cocktail (Beyotime Biotechnology,
P1045) for 30 min. The protein concentration was determined
using the BCA protein assay kit (Beyotime Biotechnology,
P0012). Thirty µg total protein for each sample was separated
by SDS-PAGE and then transferred to polyvinylidene difluor-
ide (Millipore, IPVH00010) membranes. The membranes
were blocked with 5% non-fat milk at room temperature for
1 h and then incubated with a 1:1,000-dilution of correspond-
ing primary antibodies overnight at 4°C. After 3 washes, the
membranes were incubated with a 1:3,000-dilution of goat
anti-mouse or anti-rabbit HRP-conjugated secondary antibo-
dies (Biosharp, BL001A or BL003A) at room temperature for
1 h. Protein bands were visualized using BeyoECL Star
(Beyotime Biotechnology, P0018AS). Primary antibodies
used in the experiment was listed in Table 1.

Quantitative real-time PCR (qPCR) analysis

For RNA isolation, cells were first washed with PBS twice.
Total RNA from cells and adipose tissue were extracted using
TRIzol reagent (Invitrogen, 15,596,018) and reverse tran-
scribed into cDNA using M-MLV reverse transcriptase
(Invitrogen, K1691). qPCR analysis was performed using the
SYBR Green PCR Master Mix (Roche, 4,913,949,001) with the
ABI Step-One PlusTM Real-Time PCR System (Applied
Biosystems). The data were analyzed following the 2-ΔΔCt
method and calculated using Actb as the normalization con-
trol. The sequences of primers used are presented in Table S1.

Transmission electron microscopy (TEM)

The cells were washed with PBS and fixed in 2.5% glutaralde-
hyde in phosphate buffer (0.1 M, pH 7.0) for 4 h and post-fixed
with 1% OsO4 in phosphate buffer (0.1 M, pH 7.0) for 2 h. The
samples were dehydrated with increasing concentrations of etha-
nol (30, 50, 70, 80, 90, 95 and 100) and transferred to absolute
acetone for 20 min. After placing in 1:1 mixture of absolute
acetone and the final Spurr resin (SPI-CHEM, 02690-AB) mix-
ture for 1 h at room temperature, the samples were transferred to
1:3 mixture of absolute acetone and the final resin mixture for
3 h and to final Spurr resin mixture for overnight. Electron
photomicrographs were taken from ultrastructures of cells
under a transmission electron microscopy (Hitachi, H-7650).

Oil red O staining

Cells were washed and fixed in 10% formalin at room tem-
perature for 1 h. After washed with 60% isopropanol, the cells
were stained with a filtered Oil Red O (Sigma-Aldrich, O0625)
working solution (six parts 0.35% Oil Red O dye in isopropa-
nol and four parts dH2O) for 10 min, then rinsed three times
with distilled water and observed under a microscope. To
quantify triglyceride accumulation, Oil Red O-stained lipids
were eluted in 100% isopropanol, and the optical density
(OD) was measured at 500 nm.

Measurement of triglyceride levels in cells

For triglyceride measurement, differentiated cells were washed
twice with PBS and lysed by lysis buffer (Applygen Technologies,
E1013). The triglyceride levels of the cells were measured using
the triglyceride assay kit (Applygen Technologies, E1013) accord-
ing to the manufacturers’ protocol.

Immunofluorescence analysis

Cells were washed with PBS and fixed with 4% paraformalde-
hyde for 10 min at room temperature, permeabilized with
Triton X-100 (Beyotime Biotechnology, P0096) for 10 min.
After blocking with the immunostaining blocking buffer
(Beyotime Biotechnology, P0252) for 1 h, cells were then
incubated with Anti-LC3 (Abcam, ab192890,1:500) primary
antibodies at 4°C overnight. The goat anti-rabbit Alexa Fluor
594 (Invitrogen, A11037; 1:500) secondary antibodies were
incubated at room temperature for 1 h. Nuclei were stained
with DAPI (Beyotime Biotechnology, C1006) for 5 min at
room temperature. Pictures were taken by a confocal laser
microscope (Carl Zeiss Ltd). To quantify the number of LC3
puncta, a total of 30 cells were recorded and analyzed using
the Axiovision Automatic Measurement Program on the Zeiss
LSM800. LC3 puncta with diameters between 0.3 μm and 1
μm were scored as positive.

Quantification of mRNA m6A

Total RNA was isolated from control and FTO knockdown
cells using TRIzol reagent (Invitrogen, 15,596,018). mRNA
was then purified using a Dynabeads mRNA DIRECT kit

Table 1. The information of antibodies used in this study.

Antibodies Source Identifier Host

ACTB Abcam ab8227 Rabbit
FTO Abcam ab126605 Rabbit
YTHDF2 Millipore ABE542 Rabbit
YTHDF1 Proteintech 17,479–1-AP Rabbit
ATG5 Huabio ET1611-38 Rabbit
ATG7 Proteintech 10,088–2-AP Rabbit
ATG12 Huabio R1404-1 Rabbit
ATG16L1 Huabio EM1708-14 Rabbit
CEBPB CST #3087 Rabbit
MAP1LC3B Abcam ab192890 Rabbit
SQSTM1/p62 Abcam ab109012 Rabbit
PPARG Proteintech 16,643–1-AP Rabbit
FABP4 Proteintech 12,802–1-AP Rabbit
CEBPA Proteintech 18,311–1-AP Rabbit
FLAG Proteintech 66,008–3-Ig Mouse
HA Proteintech 66,006–2-Ig Mouse
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(Invitrogen, 61,012) following the manufacturer’s protocols.
For m6A quantification, 100–200 ng of mRNA was digested
by nuclease P1 (2 U) in 25 μl of buffer containing 10 mM of
NH4OAc (pH = 5.3) at 42°C for 2 h, followed by the addition
of 3 μl 1 M NH4HCO3 and alkaline phosphatase (0.5 U) with
incubation at 37°C for 2 h. The sample was then diluted to
a total volume of 100 µl and filtered (0.22-μm pore size, 4-mm
diameter, Millipore, SLGVR04NK). The total amount
of m6A in RNA was measured using LC-MS/MS as previously
reported [19,49]. The ratio of m6A to A was calculated based
on the determined concentrations.

Methylated RNA immunoprecipitation-pcr (merip-qpcr)
analysis

MeRIP-qPCR analysis was used according to a reported method
[50]. Briefly, mRNA was fragmented using RNA Fragmentation
reagent (Invitrogen, AM8740) at 70°C for 15 min. A small
amount of the fragmented RNA was left aside to be used as
input RNA. Fragmented RNA was immunoprecipitated with
anti-m6A antibody coupled to Dynabeads (Invitrogen,
10002D) in immunoprecipitation buffer (10 mM Tris-HCl,
150 mM NaCl, 0.1% Igepal CA-630 [Sigma-Aldrich, I8896]
and 400 U RNasin Plus RNase inhibitor [Promega, N2611]) at
4°C for 2 h. m6A containing mRNAs were eluted twice with
6.7 mM N6-methyladenosine 5ʹ-monophosphate sodium salt
(Sigma-Aldrich, M2780) at 4°C for 1 h and precipitated with
5 mg glycogen (Life Technologies, AM9510), one-tenth volumes
of 3 M sodium acetate (Sigma-Aldrich, S7899) in 2.5 volumes of
100% ethanol at −80°C overnight. m6A enrichment was deter-
mined by qPCR analysis. The sequences of primers used are
presented in Table S2.

RNA immunoprecipitation-qPCR (RIP-qPCR) analysis

This procedure was used according to a previous published report
[51]. HA-FTO, FLAG-FTO or FLAG-YTHDF2 overexpressed
cells pellets were washed twice by PBS and lysed in lysis buffer
of 150 mM KCl, 10 mM HEPES, 2 mM EDTA, 0.5% NP-40
(Beyotime Biotechnology, ST366), 0.5 mM dithothreitol (DTT),
1x Protease Inhibitor Cocktail and RNasin Plus RNase inhibitor
(Promega, N2611) for 30min at 4°C. The lysates were centrifuged,
and the supernatant was transferred to pass through a 0.45-μm
membrane syringe filter. A 50 μl aliquot of cell lysate was saved as
input, and the remaining sample was incubated with HA anti-
body-conjugated magnetic beads or anti-FLAG M2 magnetic
beads (Sigma-Aldrich, M8823) for 4 h at 4°C and six times with
wash buffer (50 mM Tris, 200 mM NaCl, 2 mM EDTA, 0.05%
NP40, 0.5 mM DTT, RNase inhibitor). Then the beads were
eluted in wash buffer containing 0.1% SDS and 10 mL proteinase
K (Invitrogen,25,530,049), and incubated at 55°C for 30 min. The
input and immunoprecipitated RNAs were isolated by TRIzol
reagent and were reverse transcribed into cDNA using M-MLV
reverse transcriptase. The fold enrichment was detected by qPCR.

Dual-luciferase reporter and mutagenesis assays

Atg5-3ʹUTR and Atg7-3ʹUTR with either wild-type or mutant
(m6A was replaced by T) were inserted into downstream of

pmirGLO Dual-Luciferase vector (Promega, E1330). For dual-
luciferase reporter assay, cells seeded in 24-well plates were
co-transfected with wild-type or mutant Atg5-3ʹUTR (or
Atg7-3ʹUTR) and FTO-WT (or FTO-MUT, or YTHDF2, or
empty vector). After 48 h post transfection, the activities of
firefly luciferase and Renilla luciferase in each well were
determined by a Dual-Luciferase Reporter Assay System
(Promega, E1910) according to the manufacturer’s protocol.

Atg5-3ʹUTR with wild-type m6A sites:
GTCCTCCTCGCTAGATGGAACCACCTTGAGTCAGG-

ACAACGAGGCGTGACACCCTTGCTTCAGTCAAGTTC-
AGTGGAGGCAACAGAAACCCGGGCTGCTGCAAGCCA-
AGGAGGAGAAGATTCCATGAGAGATAGGGCGCCCGG-
GCAGGGCTGAGTGTGCACCACTGCTTCGCTGAGACA-
CACAGGACCACTGCAGCCTCCTCTTCTCGTGAAATGC-
AATGCAGCCGAAGCCTTTGCTCAATGAAAAAAAAAA-
AAATGGAAATGTGCCACAGTTTGTATTTCTGATTAAC-
AAATAAGTGGG

Atg5-3ʹUTR with mutant m6A sites:
GTCCTCCTCGCTAGATGGAACCACCTTGAGTCAGG-

TCAACGAGGCGTGACACCCTTGCTTCAGTCAAGTTC-
AGTGGAGGCAACAGAAACCCGGGCTGCTGCAAGCCA-
AGGAGGAGAAGATTCCATGAGAGATAGGGCGCCCGG-
GCAGGGCTGAGTGTGCACCACTGCTTCGCTGAGACA-
CACAGGTCCACTGCAGCCTCCTCTTCTCGTGAAATGC-
AATGCAGCCGAAGCCTTTGCTCAATGAAAAAAAAAA-
AAATGGAAATGTGCCACAGTTTGTATTTCTGATTAAC-
AAATAAGTGGG

Atg7-3ʹUTR with wild-type m6A sites:
AGCAAGCAACCACAGCTCAGGAGTACCTGGCCCT-

CAGCGCAGGACTGGACCGCAGGACTGGTGATCTGGG-
CCCTGCCACCTCCCTGGTCCTGATCTCCACATCTCCA-
AGGACGAGGGTGTACCCTCTGCCACCCAGTTGCACC-
CTTTCCTGTGCCATCTCACCAGCTCTGAACTCAATAA-
TAACCTTGGCATTGCCACT

Atg7-3ʹUTR with mutant m6A sites:
AGCAAGCAACCACAGCTCAGGAGTACCTGGCCCT-

CAGCGCAGGTCTGGTCCGCAGGTCTGGTGATCTGGG-
CCCTGCCACCTCCCTGGTCCTGATCTCCACATCTCCA-
AGGACGAGGGTGTACCCTCTGCCACCCAGTTGCACC-
CTTTCCTGTGCCATCTCACCAGCTCTGAACTCAATAA-
TAACCTTGGCATTGCCACT

mRNA stability analysis

mRNA stability analysis was performed as described pre-
viously [52]. Briefly, Cells were treated with 5 µg/ml actino-
mycin D (Sigma-Aldrich, A9415) to inhibit global mRNA
transcription. After incubation for indicated time points,
the cells were collected and RNA samples were extracted
for reverse transcription. The mRNA transcript levels of
interest were detected by qPCR.

Statistical analysis

Data are presented as the mean ± SD. Significance between
groups was determined by using Student’s t-test using
GraphPad Prism 6. Significance was established at P < 0.05.
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